high 4 He/ 36 Ar and 22 Ne/ 36 Ar that are greater than seawater and air. These characteristics result from the high solubility of light noble gases in amphibole and suggest that all the noble gases can behave similarly to 'excess 40 Ar' in metamorphic hydrothermal root zones. All noble gases are therefore trapped in hydrous minerals to some extent and can be inefficiently lost during metamorphism implying that even the lightest noble gases (He and Ne) can potentially be subducted into the Earth's mantle.
Introduction
Hydrothermal alteration of the oceanic crust is a critical step in the geochemical cycles of all elements (e.g. Bach and Frueh-Green 2010) . Not only does hydrothermal alteration exert a strong control on the chemistry of seawater (Bischoff and Dickson 1975; Edmond et al. 1979; Staudigel and Hart 1983) , but hydration and carbonation reactions also determine the composition and volatile content of the altered oceanic slab entering subduction zones (Peacock 1990; Rüpke et al. 2004; Staudacher and Allègre 1988) . The initial volatile content of the slab is a critical parameter because it places an upper limit on the flux of volatiles that can either be subducted into the deep mantle or liberated by metamorphic dehydration to trigger metasomatism and flux melting in subduction zones (Hilton et al. 2002; Parai and 1 3
43 Page 2 of 20 of most other elements in solution (Seyfried and Bischoff 1981; Yardley 2005) . The heavier halogens (Br and I) and noble gases are trace constituents of hydrothermal fluids that provide unique insights into hydrothermal fluid processes such as phase separation and/or interaction with I-rich sediments (Campbell and Edmond 1989; Lupton et al. 1989; You et al. 1994) . Constraining the halogen and noble gas subduction budgets has significant implications for geochemical models of mantle evolution (cf. Ballentine et al. 2005; Bonifacie et al. 2008; Hilton and Porcelli 2013; Kendrick et al. 2011; Mukhopadhyay 2012; Porcelli and Ballentine 2002; Sharp and Barnes 2004; Sharp et al. 2007 ). However, despite the importance of these elements, very little is known about their behaviour during hydrothermal alteration, and the concentrations of noble gases and heavy halogens (Br and I) in the altered oceanic crust is virtually unknown (Barnes and Cisneros 2012; Moreira et al. 2003; Muramatsu and Wedepohl 1998; Sano et al. 2008; Staudacher and Allègre 1988) .
Previous work has shown that seawater-derived hydrothermal fluids venting at mid-ocean ridges are dominated by atmospheric Ne, Ar, Kr and Xe derived from seawater and mantle He (Kennedy 1988; Lupton et al. 1989; Winckler et al. 2001) . Vent fluids have variable salinities of ~0.1-6 wt% salt that result from segregation of vapours and brines formed by phase separation in the sub-surface (e.g. Butterfield et al. 1994; Von Damm and Bischoff 1987; Von Damm et al. 2003) . Fluid inclusions with similarly low salinity are found throughout the oceanic crust, but much more saline brine inclusions with up to 50-60 wt% salts have been reported from numerous settings (e.g. Kelley and Delaney 1987; Kelley et al. 1993; Nehlig 1991; Vanko 1986 Vanko , 1988 . Furthermore, amphiboles containing up to wt% levels of Cl provide additional strong evidence for the dominance of highly saline brines in parts of the oceanic crust during amphibolite facies alteration (Jacobson 1975; Nehlig and Juteau 1988; Prichard and Cann 1982; Vanko 1986) .
The current study builds directly on the work of Vanko (1986; to investigate the combined systematics of Cl, Br, I and noble gases in fluid inclusions and amphibole alteration in meta-gabbros recovered from the Mathematician Ridge in the northeast Pacific Ocean ( Fig. 1 ; Vanko and Batiza 1982) . We aim to further evaluate the sources of fluids responsible for amphibolitisation and test the extent to which Cl present in amphibolite facies meta-gabbros was remobilised from elsewhere in the oceanic crust rather than introduced by evolved seawater. In addition, the investigation of minerals and fluid inclusions enables us to assess relative partitioning of Cl, Br and I between amphiboles, brines and vapours, which could influence the interpretation of these elements in vent fluids Seyfried 1990, 1997; Butterfield et al. 1990; Campbell and Edmond 1989; Foustoukos and Seyfried 2007; Liebscher et al. 2006; Mottl et al. 2011; Reeves et al. 2011; Seyfried et al. 2003; Von Damm et al. 1997 . Finally, recent studies have suggested different reservoirs within subducting slabs (e.g. sediments, altered ocean crust and serpentinites) are characterised by different Br/Cl and I/Cl ratios (Kendrick et al. 2013b (Kendrick et al. , 2014 and that atmospheric noble gases can have high concentrations in hydrous minerals (Jackson et al. 2013; Kendrick et al. 2011 Kendrick et al. , 2013b . Key aims of the current study were therefore to test whether altered ocean crust (AOC) has a unique halogen fingerprint that could potentially be identified in subduction-related magmas (Kendrick et al. 2014) , and provide data to enable further quantification of noble gas and halogen subduction budgets (Kendrick et al. 2013b (Kendrick et al. , 2014 Moreira 2013; Porcelli and Ballentine 2002; Porcelli and Wasserburg 1995; Sharp and Barnes 2004) .
Geological setting and samples
The Mathematician Ridge represents a failed rift at ~16°N, west of the currently active East Pacific Rise ( Fig. 1 ; Vanko and Batiza 1982) . Magnetic anomalies indicate that it was abandoned between 11 and 3.5 Ma and that prior to its abandonment, it was a fast spreading centre (43 mm/year; Batiza and Vanko 1985; Klitgord and Mammerickx 1982; Vanko and Batiza 1982) . The meta-gabbros investigated in the current study were recovered by dredging the inner rift wall of the youngest northern segment of the Mathematician Ridge (~3.5 Ma) during the 1981 cruise of R/V Valero IV (Batiza and Vanko 1985) and have been described in detail previously (Vanko 1986 (Vanko , 1988 . The samples range from completely amphibolitised rocks cut by quartz veins to strongly amphibolitised meta-gabbros in which relict calcic plagioclase (7-41, 7-37, 7-13, 7-7) and relict pyroxene are present (7-37, 7-7; see Table 1 for summary). Quartz represents the dominant vein mineral of the breccia matrices in all of the samples, but epidote is present in quartz-epidote veins cutting samples 7-41 and 7-31, and chlorite is a minor phase in several of the samples. Representative sample textures and fluid inclusions are shown in Fig. 2 and the mineralogy is summarised in Table 1. The veins in the Mathematician Ridge meta-gabbros contain three distinct types of fluid inclusions (Vanko 1988) : at room temperature, type A fluid inclusions with estimated salinities of 30-60 wt% NaCl equivalent (average = 45 wt% NaCl equivalent) contain liquid, vapour and one or two daughter minerals, including halite (Fig. 2) . These inclusions homogenise by vapour disappearance at temperatures of 500-700 °C (Vanko 1988) . In contrast, type B inclusions have two phases at room temperature and much lower salinities of 0-8 wt% NaCl equivalent (average = 2 wt% NaCl equivalent; Vanko 1988) . These inclusions homogenise into a low-density 'vapour phase' by vapour expansion. Type A and B inclusions occur in cogenetic fluid inclusion assemblages in samples 7-45 and 7-31 and are interpreted as resulting from hydrothermal phase separation at 600-700 °C and 600-1000 bars, equivalent to a depth of ~3 km below the seafloor under lithostatic conditions (Vanko 1988) . Type C inclusions have salinities of 0-7 wt% NaCl equivalent, they have smaller vapour bubbles than type B inclusions and homogenise into the liquid phase by vapour disappearance (Vanko 1988) . Type C inclusions are mostly secondary in origin, they post-date the immiscibility event and represent hydrothermal fluids that have remained in the one phase field (Vanko 1988) . The different fluid inclusion types have variable abundances in the samples we have investigated which are summarised in Table 1 (Vanko 1988) . It should be noted that although the Cl content of the amphiboles in these samples is variable, Cl-rich amphiboles containing up to wt% levels of Cl (Vanko 1986) can only have formed when there was a high chemical activity of Cl and a low chemical activity of H 2 O (e.g. Kullerud 2000) . Therefore, the Cl-rich amphiboles may have formed from brines similar to those preserved as brine inclusions in the vein minerals ( Fig. 2 ; Vanko 1986 Vanko , 1988 . However, the veins post-date amphibolitisation of the wall rock ( Fig. 2 ) and the fluid inclusions in the veins do not correspond exactly with the amphibole-forming fluids. The veins have trapped fluids in the act of phase separation prior to brine segregation and therefore contain abundant vapour inclusions which are unlikely to be directly related to growth of Cl-rich amphibole.
Methods
Portions of the six samples selected for this study (Table 1) were initially prepared as 100-μm-thick fluid inclusion wafers and examined petrographically with a light microscope. Samples 7-45 and 7-31 were subsequently polished down to a thickness of 40 μm to enable photomicrography and optical investigation of amphibole which was almost opaque at the original thickness (Fig. 2a) . The fluid inclusion wafers were also investigated with the Cameca SX-100 electron microprobe at the Australian National University (ANU). The analytical conditions included an accelerating potential of 15 keV, beam current of 20 nA and a 5 μm spot size. Counting times were 10-30 s for the majority of elements but 180 s for Cl, which gave a Cl detection limit of ~250 ppm. X-ray mapping was undertaken counting Cl and Ca on PET crystals for 70 ms at each node; nodes were spaced at 4-μm intervals over grids of 350 × 500 nodes. The sample off cuts were crushed and sieved and mineral separates of amphibolite wall rock, and quartz or epidote vein, were then prepared for halogen (Cl, Br, I ) and noble gas analysis (250-500 μm and 0.5-1.0 mm fractions) by a combination of techniques (Fig. 3) .
High-precision halogen (Cl, Br, I) analyses were accomplished by measuring irradiation-produced noble gas proxy isotopes ( 38 Ar Cl , 80 Kr Br , 128 Xe I , 39 Ar K and 37 Ar Ca ) on the MAP-215-50 noble gas mass spectrometer, recently moved to the ANU from the University of Melbourne (Kendrick 2012) . This method requires ~4-40 mg of sample for Br and I determination, and depending on the relative abundances of halogens, noble gases and K can enable simultaneous determination of halogens, naturally occurring isotopes of Ar, Kr and Xe, and 40 Ar-39 Ar ages (Kendrick 2012; Kendrick et al. 2011) . Complementary analyses of the full suite of noble gases (including He and Ne) were obtained for larger (300-1000 mg) non-irradiated aliquots of three of the six samples using the VG 5400 noble gas mass spectrometer also at the ANU (Honda et al. 2004) .
The sample aliquots used for halogen analysis were irradiated for 50 h in the Central Facility of the research reactor at the McClellan Nuclear Radiation Center, University of California, Davis, on the 23 August 2014 (Irradiation RS#1). The samples received a total neutron fluence of 3.7 × 10 18 neutrons/cm 2 , with a fast/thermal ratio of 1 (J = 0.00957). Roddick 1983 ) and a set of three scapolite standards characterised for Cl, Br and I (Kendrick 2012; Kendrick et al. 2013a) .
Following irradiation, the samples were returned to ANU, loaded into an ultra-high-vacuum gas extraction system and baked for at least 24 h at 100 °C prior to analysis. Noble gases were extracted by two techniques: fluid inclusions were selectively analysed by crushing the minerals in modified Nupro ® valves; and amphibolite or quartz and epidote separates, wrapped in Sn-foil packets, were completely outgassed by heating in a tantalum resistance furnace. The heating experiments comprised 20-min steps beginning at a low temperature (400 or 600 °C) and fusing the sample at a high temperature: amphibole-dominated samples were completely outgassed at 1400 °C, whereas a higher temperature of 1600 °C was used to completely outgas epidote and quartz samples. Analogous noble gas extraction procedures were used for isotopic analysis of He, Ne, Ar, Kr and Xe on the VG 5400 noble gas mass spectrometer. The differences were that the custom-built air-actuated crushing devise accommodates larger samples (Matsumoto et al. 2001) , and all samples were fused in a single high-temperature step. Noble gas purification procedures differ on each extraction line but included gettering by Ti-foil bulk getters at 650-700 °C and Zr-Al SAES getters at 200-400 °C to remove active gases such as H 2 O and CO 2 . Typical periods for combined noble gas extraction and purification totalled 1 h for small samples analysed on the MAP-215-50 and 2.5 h for large samples analysed on the VG 5400. Sample gas extracted from irradiated samples was admitted to the MAP-215-50 mass spectrometer and isotopically analysed for Ar, Kr and Xe in peak jumping mode, whereas noble gases were cryogenically separated and admitted to the VG 5400 mass spectrometer in discrete He, Ne, Ar, Kr and Xe fractions (see Honda et al. 2004 and Kendrick 2012 for details). Standard corrections were made for procedural blanks and interference of CO 2 on 22 Ne and 40 Ar ++ on 20 Ne (Honda et al. 2004 ).
Analytical precision is reported at the 2σ level for all measurements. Noble gas concentrations are based on mass spectrometer sensitivity determined from peak height comparison with heavy gas (air) and helium standards. The concentrations of Ca, K, Cl, Br and I depend on noble gas concentration measurements and the monitored noble gas production ratios and have been cross calibrated with electron microprobe Ca and K measurements of magmatic glass included in the same irradiation. The internal precision of these methods is often better than 1-2 %; accuracy is estimated as 5 % for Ca, K, Cl and Br and 10 % for I (2σ; Kendrick 2012; Kendrick et al. 2013a) .
Results and discussion
Mineral compositions measured by electron microprobe are summarised in Table 2 . Halogen and noble gas concentrations obtained for mineral separates by in vacuo crushing and heating (Fig. 3) are summarised in Tables 3, 4 , 5, 6: Table 3 summarises bulk mineral halogen and noble gas data obtained by heating irradiated samples; Table 4 summarises average fluid inclusion halogen and noble gas data obtained by crushing irradiated mineral separates; Table 5 includes noble gas analyses obtained by crushing and heating non-irradiated samples; and Table 6 contains the estimated concentrations of noble gases trapped in fluid inclusions. 
Chlorine in amphibole
Amphibole is a major or dominant phase in all of the metagabbros investigated (e.g. Fig. 2 ; Table 1 ), and it is the only phase that contains sufficiently high Cl to be measured by electron microprobe (Fig. 4; Batiza and Vanko 1985) . Randomly selected amphiboles in each of the samples were analysed; all contain 10-12 wt% CaO and can be broadly classified as hornblendes (Table 2 ; Batiza and Vanko 1985; Vanko 1986 ). The concentration of Cl in the amphiboles varies at the thin section scale in all of the samples (e.g. Fig. 4 ) and ranged from a minimum of below the 250 ppm detection limit in a single amphibole in sample 7-7 up to a maximum of 1.0 wt% in sample 7-41 ( Fig. 5 ). An even higher maximum of 4.0 wt% Cl was previously reported for a volumetrically minor amphibole in sample 7-41 that was located by X-ray mapping (Vanko 1986 ). However, based on the current analyses the amphiboles have average Cl contents of ~0.5 wt% in samples 7-41 and 7-37, ~0.3 wt% in 7-31, ~0.2 wt% in 7-45 and 7-13 and ~0.1 wt% in 7-7 (Fig. 5) . It is widely agreed that fluid salinity exerts a major control on the Cl content of hydrothermal amphibole (e.g. Kullerud 2000; Marshall and Oliver 2006; Nehlig and Juteau 1988; Vanko 1986 ). However, Cl is typically also correlated with the Al, Fe, Mg and alkali (Na + K) content of amphibole (e.g. Fig. 5 ), suggesting an additional mineralogical control on amphibole chlorinity (Kullerud 2000; Vanko 1986; Volfinger et al. 1985) . Observed variations in amphibole Cl concentrations are therefore partly related to protolith composition, but thin section scale variations in Cl within individual samples are likely to reflect changes in pressure-temperature conditions and/or fluid salinity during amphibolitisation (Vanko 1986 ).
Unfortunately it is still not possible to relate amphibole Cl content to fluid salinity on a quantitative basis. However, if we assume that the large Cl − anion is always less compatible in amphibole than the much smaller OH − ion, the amphibole H 2 O/Cl ratios in Table 2 can be interpreted as providing lower limits on fluid salinity (Fig. 6 ). On this basis, we predict that an amphibole equilibrated with seawater (H 2 O/Cl ~50) and containing 1.75 wt% H 2 O will not contain more than 350 ppm Cl. Furthermore, the most Cl-rich amphiboles with H 2 O/Cl ratios of <2 must have equilibrated with brines containing more than ~50 wt% Table 3 Mineral bulk halogen and noble gas abundance summary (irradiated samples) 2σ uncertainties
The data represent total fusion analyses obtained by summing gas released in individual heating steps. Uncertainties are 2σ analytical. Note that the numbers given in parentheses below 7-7 amp refer to the maximum grain size of the 250-500 and 125-250 μm fractions. salt (Fig. 6 ). These data suggest that primary fluid inclusions in Cl-rich amphibole are likely to be highly saline. However, the fluid inclusions in the amphibole investigated are typically <3 μm meaning it was not possible to reliably investigate them petrographically. Furthermore, many of the amphibole-hosted fluid inclusions lie on planes indicating secondary origins and are probably similar to the fluid inclusions trapped in the later quartz veins (Fig. 2) .
Bulk analysis of halogens in amphibole and fluid inclusions
Amphibolite wall rock separates analysed by furnace heating using the noble gas method yield bulk concentrations of 590-5400 ppm Cl that are similar to the average Cl concentrations obtained by electron microprobe (cf . Tables 2  and 3 ; Fig. 5 ). The amphibole separates from samples 7-45, 7-41, 7-37 and 7-31 also yield bulk CaO concentrations within the range of amphibole values obtained by electron microprobe ( Fig. 7 ; Table 3 ). In contrast, amphibole-dominated separates from 7-13 and 7-7, and the relict pyroxene and plagioclase separated from 7-37 have CaO concentrations intermediate of amphibole, pyroxene and plagioclase (Fig. 7) . This is explained by the fine scale of amphibole replacement in relict pyroxene (Fig. 4) and imperfect separation of the different mineral phases in these samples. The bulk halogen data obtained for 7-45, 7-37 and 7-31 amphibole and 7-13 wall rock define a fairly tight cluster of Br/Cl and I/Cl in Fig. 8a that is considered representative of amphibole. The amphiboles in these samples have an average Br/Cl of 0.0004 ± 0.0002 that is approximately ten times lower than the seawater value of 0.0035. The amphiboles in these samples have I/Cl that ranges from 2 × 10 −6 to 12 × 10 −6 , with an average of 6 × 10 −6 that is higher than the seawater value of 3.5 × 10 −6 (Fig. 8a ). In comparison with this cluster, 7-41 amphibole is characterised by slightly higher I/ Cl of 44 × 10 −6 (Fig. 8a) . As the Br/Cl and I/Cl ratios of these amphiboles do not vary as a function of bulk Cl concentration, and Cl is correlated with Al, Fe and alkalis (Fig. 5) , there is not an obvious structural control on amphibole Br/Cl or I/Cl ratios. However, crushing amphiboles from samples 7-45 and 7-37 yields relatively high Br/Cl of ~0.006 and I/Cl of (10-30) × 10 −6 (Fig. 8a) , which demonstrates significant Br and I are located in amphibole fluid inclusions. Amphibole-hosted fluid inclusions 7-45 (n = 2) 6 ± 1 12 ± 4 360 ± 40 2000 ± 1700 2 ± 1 4 ± 4 90 ± 130 5-15 0.1-0.3 7-37 (n = 2) 6.2 ± 0.7 26 ± 12 311 ± 27 0.9 ± 0.1 1.5 ± 0.4 19 ± 18 5-15 0.4-1.2 Average 6.1 ± 0.8 19 ± 18 1.4 ± 1.3 3 ± 4~54 5-15 0.1-0.4
Relict mineral-hosted fluid inclusions 7-37 (n = 5) 4.4 ± 1.0 12 ± 9 342 ± 15 2000 ± 1700 1.1 ± 0.1 1.8 ± 0.1 22 ± 14 5-15 0.4-1.1
Quartz vein-hosted fluid inclusions-cluster 1 7-45 (n = 9) 4.2 ± 0.5 37 ± 25 300 ± 13 0.9 ± 0.2 1.2 ± 0.2 2 ± 2 2-4 1-3 7-31 (n = 2) 4.5 ± 0.3 41 ± 25 314 ± 5 1300 ± 500 1.0 ± 0.3 1.6 ± 0.1 6 ± 2 2-4 0.6-1.1
7-7 (n = 4) 3.7 ± 0.7 40 ± 77 373 ± 46 2600 ± 4100 1.2 ± 0.3 2.1 ± 0.9 10 ± 6 2-4 0.3-0.6 Average (n = 17) 4.1 ± 0.7 37 ± 39 1.0 ± 0.3 2 ± 2 4 ± 7 2-4 0.7-1.4
Quartz-and epidote vein-hosted fluid inclusions 7-41 qz (n = 4) 4.0 ± 0.3 56 ± 90 308 ± 5 1000 ± 500 1.2 ± 0.4 2.2 ± 0.5 9 ± 2 2-4 0.3-0.7
Reference values
Seawater (0 °C) 3.5 3.5 296 1.9 4.1 9.5 3.4-3.5 0.57 Mantle 2.8 ± 0.6 60 ± 30 >10,000 In comparison with the amphibole separates, the relict pyroxene and plagioclase separated from 7-37 have Br/Cl and I/Cl intermediate of the bulk amphibole and fluid inclusions, consistent with halogens being hosted by amphibole impurities and fluid inclusions in these minerals (Fig. 8a) . The wall rock separates from 7-7 have variable Br/Cl that reflect the presence of relict minerals and elevated I/Cl of (110-320) × 10 −6 that is not considered representative of amphibole ( Fig. 8; Table 3 ). In this case, a minor red coloured mineral impurity observed on the surfaces of the amphibole was too small and widely distributed to be completely removed by hand picking, but the lowest I/Cl were measured for the finest mineral separates subjected to the most rigorous separation and washing procedure (Table 3) . He ratio measured by heating * is representative of any fluids trapped in the sample; Table 5 He (Ra) 9.9 ± 0.5* 9.2 ± 0.6 8.9 ± 0.7* 9.3 ± 0.5* 3 He (mol/g H 2 0) 4-10 × 10 Similar enrichments of iodine relative to Cl occur in palagonitised basalt glass (Kendrick et al. 2013a (Kendrick et al. , 2015 , suggesting the iodine enrichment in this sample could be associated with the presence of a clay mineral introduced by a low-temperature overprint. Fluid inclusions in the quartz and epidote vein minerals contain variable quantities of three different fluid inclusion types (Table 1) that have salinities extending from <1 to 60 wt% NaCl equivalent (Vanko 1988) . Crushing the quartz or epidote in vacuum releases fluids with an average Br/Cl of 0.0041 ± 0.0007 that is higher than the seawater and mantle values defined by magmatic glasses (Kendrick et al. 2013a ), but lower than the values of ~0.006 obtained by crushing amphibole (Fig. 8a) . In comparison, the majority of quartz-hosted fluid inclusions are indicated to have I/Cl between 10 × 10 −6 and 100 × 10 −6 that overlap the mantle range. Fluid inclusions in 7-41 epidote (and some quartz-hosted fluid inclusions) have distinctly higher I/Cl of (100-130) × 10 −6 , slightly higher than the range considered representative of the mantle (Fig. 8a) .
Inferred Br/Cl and I/Cl fractionations and significance for hydrothermal systems
Two lines of reasoning suggest the halogens (Cl, Br and I) were not significantly fractionated by liquid-vapour phase separation and that the Br/Cl and I/Cl ratios measured by in vacuo crushing are equally representative of brine and vapour fluid inclusions. Early amphibole has higher Cl/ 36 Ar than the later vein-hosted fluid inclusions (Fig. 9) . However, Ar (cf. Fig. 9 ). Secondly, most of the quartz and epidote samples have very similar ranges of Br/ Cl and I/Cl (Fig. 8a) irrespective of the relative abundances of brine and vapour inclusions in each sample (Table 1) . Notably, brine inclusions were not observed in 7-13, but must make variable and large contributions to the Br/Cl and I/Cl signals measured for all the other samples (cf. Table 1 ).
The interpretation that Br and Cl were not significantly fractionated during phase separation of Mathematician Ridge fluids is consistent with the majority of vent fluid data that have seawater-like Br/Cl ratios over a wide range of salinities (e.g. Butterfield et al. 1990; Campbell and Edmond 1989; Mottl et al. 2011; Reeves et al. 2011; Seyfried et al. 2003; Von Damm et al. 1997 . The abundant vent fluid data now available are not consistent with earlier suggestions that Br and Cl are fractionated during phase separation (Oosting and Von Damm 1996) , or experimental results which differ between laboratories (cf. Seyfried 1990, 1997; Foustoukos and Seyfried 2007; Liebscher et al. 2006) .
The Br/Cl and I/Cl ratios measured for the quartz-and epidote-hosted fluid inclusions in this study are very similar to those inferred for high-salinity brines assimilated by magmas in settings as diverse as the Galapagos Spreading Centre, Lau Basin and Samoa ( Fig. 8b ; Kendrick et al. 2013a Kendrick et al. , 2015 . The uniformly high Br/Cl and I/Cl ratios of the fluid inclusions and brines assimilated by magmas, and the low Br/Cl and I/Cl of amphiboles, can be readily explained by a two-stage model in which seawater-derived halogens and halogens remobilised from igneous crust (with mantle abundance ratios) are mixed and then fractionated between the amphibole and fluids (Fig. 8b) .
If correct, then the average Br/Cl of amphiboles in samples 7-45, 7-37, 7-31 and 7-13 (0.00041 ± 0.00016; Table 3 ), together with the fluid inclusion data (Table 4) can be used to calculate a relative partition coefficient between calcic amphibole and aqueous fluid (e.g. D Br/Cl = Br/Cl fluid / Br/Cl amphibole ) of ~0.1. A similar calculation for I/Cl yields a relative I/Cl partition coefficient of ~0.2-0.3, which somewhat unexpectedly implies that the larger iodide anion is more compatible than bromide. However, it should be (Kendrick et al. 2013a (Kendrick et al. , 2015 . Amphiboles (amp) are shown as crossed circles, relict minerals (rel. min.) as crossed triangles and fluid inclusions analysed by crushing are shown with the corresponding uncrossed symbols (see key and field labels). The interpretation of these data is shown in b halogens introduced by seawater and remobilised from the crust have been fractionated between the fluids and amphibole (see text). The range of fluid inclusion Br/Cl and I/Cl is similar to high-salinity brines assimilated by magmas from the Galapagos Spreading Centre, Lau Basin and Samoa (Kendrick et al. 2013a (Kendrick et al. , 2015 shown in b. Uncertainty is 2σ analytical Fig. 9 The Br/Cl versus Cl/ 36 Ar systematics of fluid inclusions in quartz and amphibole analysed by crushing and bulk amphibole analyzed by heating (the key is as for Fig. 8 Ar consistent with the presence of gas-depleted brine inclusions. Note that Cl/ 36 Ar is a molar ratio presented on a log scale noted that these partition coefficients are 'effective' maximum values because an unknown proportion of the Br and I in the minerals is trapped within fluid inclusions rather than the amphibole mineral lattice.
Based on the average Br/Cl and I/Cl ratios of the fluid inclusions, amphibole, seawater and the mantle, we can estimate centre points for the suggested mixing and fluidmineral fractionation systems (see lines 1, 1b and 2 in Fig. 8b) . The centre points between the amphiboles and fluids are all estimated to have I/Cl intermediate of seawater [3.5 × 10 −6 ] and the mantle [(60 ± 30) × 10
−6 ], consistent with variable contributions of halogens from seawater and juvenile oceanic crust (Fig. 8b) . Application of the lever rule to line 1 implies that on average ~45 % of the halogens in the Mathematician Ridge hydrothermal system could have been mobilised from the juvenile oceanic crust rather than introduced by seawater (Fig. 8b) . However, this figure assumes Cl, Br and I behave coherently during remobilisation and is based on average mantle, amphibole and fluid inclusion compositions, and a figure of anywhere between ~10 and 90 % could be obtained depending on the exact end-member values selected (cf. Fig. 8b) .
A second important point is that the centre points in Fig. 8b are almost equidistant between the composition of the fluids and the amphiboles (Fig. 8b) . This suggests that amphibolerich wall rock accounted for less than half of the Cl in the system (Fig. 8b) , confirming that alteration took place at a water/ rock ratio of close to 1 (Stakes and Vanko 1986 ), but indicating that complete 'drying up' or 'desiccation' of the fluids was not widespread. Complete 'drying up' of metamorphic fluids can occur as a result of preferential partitioning of H 2 O relative to Cl into hydrous minerals like amphibole (e.g. Kullerud 2000; Kullerud and Erambert 1999; Markl and Bucher 1998) . Drying up can produce extremely saline brines (Fig. 6; Vanko 1986; Markl and Bucher 1998) , but it is also likely to produce fluids with highly fractionated Br/Cl (Svensen et al. 1999 (Svensen et al. , 2001 that are not observed in Mathematician Ridge fluid inclusions (Fig. 8) . The halogen data are therefore consistent with fluid inclusion petrographic evidence that demonstrates phase separation as the dominant mechanism for brine production in the Mathematician Ridge hydrothermal system (Vanko 1988) .
Finally, the elevated I/Cl ratios of fluid inclusions in sample 7-41, that exceed the mantle range (Fig. 8a) , are unlikely to be explained by fluid interaction with iodinerich sedimentary material. Organic-rich marine sediments are a common source of iodine in hydrothermal fluids (You et al. 1994; Kendrick and Burnard 2013) , but the Mathematician Ridge was probably unsedimented while it was actively spreading. Instead, the estimated centre point of the hydrothermal system responsible for 7-41 amphibolitisation lies wholly within the mantle range of Br/Cl and I/ Cl (Fig. 8b) . The I-rich composition of the fluid inclusions and amphibole in this sample therefore indicate extensive remobilisation of crustal halogens and that seawaterderived halogens may have been a minor component in this part of the hydrothermal system (Fig. 8b) .
Halogens in minor phases
Three vein mineral separates were completely degassed by furnace heating to provide bulk concentrations of Cl, Br and I in fluid inclusion bearing vein minerals. The furnace data indicate quartz and epidote veins in samples 7-45, 7-13 and 7-31 all contain 100-200 ppm Cl, 320-640 ppb Br and 3-19 ppb I (Table 3) . In each case, the fluid inclusions dominate the samples halogen inventory, but their range of Br/Cl and I/Cl suggests additional minor contributions from amphibole impurities, which can be clearly seen with an optical microscope in the veins. In comparison with the vein minerals, relict pyroxene and plagioclase in sample 7-37 have much higher concentrations of halogens with 760-1610 ppm Cl, 1870-2770 ppb Br and 11-14 ppb I (Table 3) , which reflect extensive replacement of the pyroxene by amphibole (Fig. 4) and more abundant amphibole impurities, as well as fluid inclusions (Fig. 8a) .
Implications for halogen subduction
The amphibolitised meta-gabbros investigated in the current study have high Cl concentrations of 590-5400 ppm Cl (Tables 2, 3) that are typical of high-temperature hydrothermal root zones (Jacobson 1975; Nehlig and Juteau 1988; Prichard and Cann 1982; Vanko 1986 ), but much higher than estimates for bulk altered ocean crust, which probably contains less than ~400 ppm Cl on average (Sano et al. 2008; Barnes and Cisneros 2012) . Nonetheless, given that amphibole is regarded as the dominant host of Cl in most of the oceanic crust (Ito et al. 1983; Barnes and Cisneros 2012) , the Br/Cl and I/Cl ratios of the amphibole mineral separates, vein minerals and relict minerals (Table 3 ; Fig. 8 ) are of considerable significance for inferring likely concentrations of Br and I relative to Cl in other parts of the oceanic crust. The partitioning behaviour of Cl, Br and I between amphibole and fluids suggests that crustal lithologies subjected to high-temperature alteration will have Br/Cl and I/Cl intermediate of fluid inclusions in vein minerals, which can contain 100's of ppm Cl (Table 3) , amphibole which contains 100's to 1000's of ppm Cl (Vanko 1986) , and relict minerals which will have variable Cl content depending on alteration intensity and presence of fluid inclusions (Table 3 ; Fig. 8) . Therefore, much of the altered ocean crust (AOC) probably varies with respect to Br/Cl and I/Cl composition from one extreme that is similar to unaltered crust or the mantle (AOC with abundant relict minerals and veins as well as amphibole; Fig. 8) , to a second extreme with low Br/Cl and I/Cl similar to amphibole (Fig. 8) . A similar range of Br/Cl and I/Cl compositions has previously been suggested for the AOC based on the analysis of Cl, Br and I in arc and back arc magmas (Kendrick et al. 2014) . The current study therefore supports the idea that halogen abundance ratios can be used to distinguish different slab components in subduction-related magmas (Kendrick et al. 2013b (Kendrick et al. , 2014 . Further work is now underway to investigate halogens in other styles of alteration in the altered ocean crust, test the extent to which halogens are remobilised during low-temperature alteration and determine if clay minerals are an important reservoir of iodine in the oceanic crust.
Noble gases in amphiboles and fluid inclusions
The metamorphic amphibole and fluid inclusion bearing vein minerals all preserve mantle ) ( Fig. 10; e.g. Lupton and Craig 1975; Marty and Zimmermann 1999; Graham 2002 He signatures (Botz et al. 1999; Jean-Baptiste et al. 1998; Kennedy 1988; Lupton et al. 1989; Rudnicki and Elderfield 1992; Winckler et al. 2001) ; however, it is surprising that metamorphic amphibole and quartz preserve He concentrations of 3-56 × 10 −12 mol/g that overlap the range of MORB glasses ( Fig. 10 ; Table 5 ; Marty and Zimmermann 1999) . The preservation of mantle He in the quartz samples demonstrates that this mineral can retain He over a timescale of ~3.5 Myr, despite previous work that has demonstrated that small He atoms are prone to leakage from quartzhosted fluid inclusions (Kendrick and Burnard 2013) .
In comparison with He, the heavy noble gases in amphibole, quartz and epidote all preserve isotopic ratios close to or within uncertainty of seawater/air (Tables 3, 4, 5) . This result was anticipated because seawater-derived hydrothermal vent fluids are dominated by atmospheric Ne, Ar, Kr and Xe (Kennedy 1988; Winckler et al. 2001) . Nonetheless, individual crushing and fusion analyses do yield Ne analyses are slightly greater than the atmospheric ratio of 9.8 at the 2σ level of uncertainty (Table 5 ). The apparent Ar* within uncertainty of the mantle value of ~2 in four out of the five samples in which mantle 40 Ar* was detected (Table 5 ; Fig. 11 ).
The amphibolite facies metamorphic amphibole, quartz, epidote and relict minerals have high concentrations of atmospheric noble gas isotopes ( 22 Ne, 36 Ar, 84 Kr and 130 Xe) that are much higher than typical MORB glass (Fig. 12) . The relative abundance ratios of noble gases in the amphibole and quartz define similar patterns showing characteristic enrichment in 4 He and 22 Ne relative to 36 Ar in seawater and air (Fig. 13) , with higher 4 He/ 36 Ar and 22 Ne/ 36 Ar values measured by furnace heating than by in vacuo crushing (Table 5 ; Fig. 13b ). The high 4 He/ 36 Ar ratios of the amphibolite minerals relative to air are partly related to the presence of mantle helium (Figs. 10, 13) . However, Ne has a dominantly atmospheric origin (Table 5 ), meaning that the higher than seawater 22 Ne/ 36 Ar ratios are not explained by the presence of mantle Ne ( Fig. 13; below) .
Estimation of hydrothermal fluid noble gas concentrations
The variable concentration of noble gas in the samples is partly related to the presence of fluid inclusions. However, the actual concentration of noble gases in the trapped fluids is of great significance for evaluating fluid source and processes such as hydrothermal fluid phase separation. One advantage of combining Cl and noble gas measurements in irradiated samples is therefore that fluid inclusion noble gas concentrations can be estimated from the measured Cl/ 36 Ar ratios and salinity obtained by microthermometry (Tables 4, 6 ). Fig. 10 Plot showing the helium isotope composition and helium concentration of amphibolite facies amphibole (amp.), quartz (qtz.) and epidote (ep.). Crossed circles amp fusion; uncrossed circles amp. crushing; crossed squares qtz/ep. fusion; uncrossed squares quartz crushing. The MORB data are from Marty and Zimmermann (1999) and the uncertainties are 2σ
It is difficult to reliably estimate the average salinity of the fluid inclusions in each sample (Table 1; Vanko 1988) . However, all the quartz and epidote samples investigated are certainly dominated by vapour phase inclusions, with brine inclusions representing only a few per cent of the fluid inclusions in samples 7-45 and 7-31 and being undetected in 7-13 (Table 1) . In contrast, primary fluid inclusions in amphibole are likely to have salinities of >15-30 wt% salt (Fig. 6) , and despite the presence of secondary fluid inclusions, crushing amphibole gives greater than seawater Cl/ 36 Ar ratios that are characteristic of brines (Fig. 9) . Based on the above considerations and previously published microthermometric data (Vanko 1988) , we adopt nominal average salinity ranges of 2-4 wt% salt for vapour-dominated vein inclusions and 5-15 wt% salt for brine-dominated amphibole inclusions. These salinities give calculated average 36 Ar concentrations of 0.3-4 × 10 −10 mol/g H 2 0 in the vein-hosted fluid inclusions and average 36 Ar concentrations of 0.1-1 × 10 −10 mol/g H 2 O in the amphibole-hosted fluid inclusions (Table 4) . The calculated concentration ranges allow for considerable uncertainty but seem reasonable because the vapourdominated vein inclusions have 36 Ar concentrations that are mostly more than 0 °C seawater (e.g. >0.6 × 10 −10 mol/g; Table 4 ), and the brine-dominated amphibole inclusions have calculated 36 Ar concentrations that are mostly less than 0 °C seawater (e.g. <0.6 × 10 −10 mol/g; Table 4 ). The calculated concentrations of other noble gas isotopes in the fluid inclusions, based on the above 36 Ar concentrations and measured elemental abundance ratios (Table 5) , are given in Table 6 . Based on these figures, a fluid inclusion trapping temperature of ~700 °C (Vanko 1988 ) and a specific heat capacity of 4 J/gram, the fluid inclusions are calculated to have trapped fluids with 3 He/heat ratios of 0.1-2 × 10 −17 mol/J (Table 6 ). The calculated 3 He/heat ratios are close to the theoretical mantle value of 2 × 10 −17 mol/J and the range of 0.4-8 × 10 −17 mol/J observed in hydrothermal vent fluids (Baker and Lupton 1990; Lupton et al. 1989 Lupton et al. , 1999 . Minor variations in 3 He/heat ratios are expected to result from the repartitioning of 3 He between vapours and brines during phase separation; however, it has been concluded by other workers that the relative uniformity of 3 He/ heat in vent fluids demonstrates that mantle-derived 3 He and mantle-derived heat are effectively coupled in hydrothermal systems in the oceanic crust (see Lupton et al. 1999) . In addition, the preservation of mantle-like 3 He/heat ratios provides evidence that He has been quantitatively retained in the Mathematician Ridge samples.
Fluid origins
The predominance of atmospheric Ne, Ar, Kr and Xe, and the variability of amphibole and plagioclase δ Ar ratios that are elevated relative to seawater values (Table 5 ; Fig. 13 ), must be explained.
Hydrothermal phase separation leads to preferential enrichment of vapour phases in the least soluble noble gases on the order He > Ne > Ar > Kr > Xe (Smith and Kennedy 1983; Kennedy 1988) . Therefore, one possible explanation for the noble gas composition of quartz veins dominated by vapour inclusions is that mantle-derived noble gases were introduced in a small and therefore undetectable CO 2 component after the seawater-derived hydrothermal fluid had already undergone phase separation. Based on typical mantle 3 He/CO 2 ratios (Marty and Zimmermann 1999) , as little as 1000-5000 ppm CO 2 (by mass) would be required to introduce all of the mantle-derived noble gases in the fluid inclusions (Table 6) .
A second possibility is that the Mathematician Ridge hydrothermal fluids remobilised mantle noble gases from Ar* ratio of mantle-derived noble gases released by crushing and heating amphibole, quartz and epidote in this study (Table 5 ) and previous analyses for sulphidehosted fluid inclusions (Stuart and Turner 1998) . Reference fields are shown for the mantle production ratio, magmatic glasses, phenocrysts-xenoliths and CO 2 vapours trapped in vesicles (Stuart and Turner 1998; Honda and Patterson 1999) . The effect of hydrothermal phase separation, which fractionates He and Ar between vapours and brines, is shown at the top of the diagram. 40 Ar* = non-atmospheric 40 (Fig. 11) . Furthermore, the 4 He/ 40 Ar* of crystalline oceanic crust is poorly constrained and includes phenocrysts and xenoliths with low 4 He/ 40 Ar* (Honda and Patterson 1999) , implying that this mechanism could also potentially produce vapour inclusions with broadly mantle-like 4 He/ 40 Ar* in the quartz samples (Fig. 11) .
These alternative explanations for the noble gas signatures of vapour inclusions in quartz and epidote are not mutually exclusive. However, neither explanation can account for the elevated 22 Ne/ 36 Ar of amphibole which is dominated by brine inclusions with elevated Cl/ 36 Ar (Fig. 9) . The relative solubility of noble gases in brines implies that gas-depleted brine inclusions would have low 22 Ne/ 36 Ar and low 4 He/ 40 Ar* ratios (Smith and Kennedy 1983 ). An additional mechanism that could potentially contribute to multi-stage fractionation of noble gas elemental abundance ratios is explored below. (Smith and Kennedy 1983) . The involvement of the mineral lattice in noble gas trapping and fractionation is possible because experimental work has shown that noble gases are accommodated by vacant ring sites in amphibole, and moreover that small He atoms are accommodated preferentially relative to larger Ne atoms (Jackson et al. 2013 . Therefore, the high 4 He/ 36 Ar and 22 Ne/ 36 Ar of the amphibole could potentially reflect preferential incorporation of light noble gases into the mineral lattice. Preferential trapping of atmospheric He and Ne, relative to Ar, has also been suggested to occur in the carbonate lattice of speleotherm samples (Scheidegger et al. 2010 ), whereas Xe is preferentially trapped in amorphous silica (Matsubara et al. 1988 ). Noble gas lattice-trapping mechanisms are poorly understood and vary between minerals and different noble gases (Du et al. 2008) . However, based on our current knowledge it is possible that the noble gas abundance patterns of hydrothermal amphibole and quartz reported here (Fig. 13) were generated by an interplay of differentially trapping noble gases derived from phase-separated evolved seawater (brines and vapours) in fluid inclusions and mineral lattices.
Noble gas-trapping mechanisms
In theory, the concentrations of noble gases in the minerals (Table 5 ) and the fluid inclusions (Table 6 ) are related to each other by noble gas partition coefficients. The concentration of 4 He in most of the minerals is 0.01-0.03 times that estimated for the fluid inclusions, and the concentration of heavy noble gases is 0.004-0.04 times that estimated for the fluid inclusions (cf . Tables 5, 6 ). Further work is clearly required to identify the sites in which noble gases are trapped in different minerals and accurately determine Fig. 12 The concentrations of atmospheric noble gas isotopes in amphibole, quartz (qtz) and epidote (ep) mineral separates (obtained by heating) together with concentration data for MORB/OIB glasses and other subduction zone lithologies (Matsuda and Nagao 1986; Staudacher and Allègre 1988; Kendrick et al. 2011 Kendrick et al. , 2013b mineral/fluid partition coefficients; however, the concentration data presented here (Tables 3, 4 , 5, 6) suggest that the 'effective' noble gas partition coefficients between aqueous fluids and real minerals that trap fluid inclusions could be as high as 0.004-0.03 which is substantially higher than usually assumed.
Implications for noble gas subduction
There is a growing consensus that heavy noble gases (Ar, Kr and Xe) are subducted into the Earth's mantle, but the extent to which the lightest noble gases (He and Ne) might also be subducted remains subject to ongoing debate (Hilton and Porcelli 2013; Holland and Ballentine 2006; Jackson et al. 2013; Kendrick et al. 2011 Kendrick et al. , 2013b Porcelli and Wasserburg 1995) . The low solubility of He and Ne in seawater has been suggested as an obstacle to their subduction (Holland and Ballentine 2006) . In addition, it has previously been assumed that mantle He trapped in unaltered melt inclusions or vesicles within relict minerals in altered oceanic crust is completely lost during progressive metamorphism (Moreira et al. 2003; Staudacher and Allègre 1988) . Our data are unique in that they show mantle helium is incorporated into newly formed metamorphic minerals like amphibole and retained over millions of years (Fig. 10) . The efficient trapping of He (and other noble gases) in metamorphic minerals is likely related to the higherthan-expected partition coefficients of noble gases in this environment. Diffusion parameters were not determined for Ne or He in amphibole in the current study. However, these gases are more mobile than Ar, which has a nominal closure temperature for diffusive loss of 500-550 °C in hornblende (e.g. McDougall and Harrison 1999). Therefore, the retention of noble gases including He and Ne in hornblendes formed at >700 °C under amphibolite facies conditions (Vanko 1988 ) requires the absence of efficient gas loss pathways. Noble gas retention may have been possible because at low water/rock ratios in hydrothermal root zones, metamorphic minerals are surrounded by fluids that become rich in noble gases meaning there is not a strong diffusion gradient for He or Ne loss. Alternatively, when fluids are absent noble gases cannot be advected away from mineral grain boundaries and gas loss is inefficient. Similar factors contribute to the well-known phenomena of 'parentless' excess 40 Ar which plagues 40 Ar-39 Ar dating in eclogite facies metamorphic terranes (e.g. Kelley 2002) .
The inference that all noble gases can behave in a manner comparable to excess 40 Ar implies that He and Ne could potentially be subducted with heavy noble gases much more deeply than has previously been appreciated. In the absence of pore fluids, amphibole alone could enable subduction of noble gases to depths of ~70 km (Schmidt and Poli 1998) . Amphibole breakdown would then release noble gas-bearing fluids that could form new hydrous minerals such as lawsonite and phengite (e.g. Peacock 1990; Schmidt and Poli 1998) . Phengite is known to trap high concentrations of excess 40 Ar (e.g. Kelley 2002 ) and depending on local water/rock ratios could potentially Xe fractionation values in which heating data for six amphibole (amp) and quartz (qtz) samples (Table 5) (Kennedy 1988 ) and the mantle (Moreira et al. 1998; Holland and Ballentine 2006) enable subduction of noble gases to depths as great as ~300 km (Schmidt and Poli 1998) . Subduction of mantle He, similar to that preserved in the hydrothermal amphibole (Fig. 10) , is of little consequence to mantle noble gas budgets. However, the U-enrichment of oceanic slabs generates low 3 He/ 4 He in ancient oceanic crust (Staudacher and Allègre 1988) that could explain the characteristically low 3 He/ 4 He ratios of HIMU mantle reservoirs that are thought to sample subducted oceanic crust (Graham 2002) . Subduction of atmospheric Ne along with atmospheric Ar, Kr and Xe could have significantly altered the mantle's neon isotope signature over time (Kendrick et al. 2011) , which has important implications for inferring the relative timing of volatile acquisition during Earth's accretion (e.g. Honda et al. 1991; Harper and Jacobsen 1996; Ballentine et al. 2005; Moreira 2013; Trieloff et al. 2000; Mukhopadhyay 2012; Yokochi and Marty 2004) . If the mantle originally had a solar 20 Ne/ 22 Ne of ~13.8, then the mantle's current value of ≤12.9-12.5 (Trieloff et al. 2000; Ballentine et al. 2005; Mukhopadhyay 2012) provides an important constraint on the maximum extent of atmospheric neon ( 20 Ne/ 22 Ne = 9.8) subduction over time; further work is required to evaluate the behaviour of noble gases in metamorphic rocks and the extent of variation in mantle 20 Ne/ 22 Ne ratios.
Summary
Halogens are extensively remobilised within the oceanic crust during hydrothermal alteration, and Cl-rich amphibolites from layer 3 of the oceanic crust contain a large proportion of remobilised Cl, as well as Cl introduced by seawater (Fig. 8) . Evaluating the source of halogens in altered oceanic crust and the extent of their remobilisation (e.g. during low-temperature alteration; Floyd and Fuge 1982; Kendrick et al. 2015 ) is now critical for estimating the net effect of subduction on mantle halogen budgets. The Cl, Br and I composition of metamorphic amphibole has been determined for the first time. Hornblende has an effective Br/Cl relative partition coefficient of ~0.1, which is of considerable importance for interpretation of halogen abundance ratios in hydrothermal systems with low waterrock ratios (e.g. W/R < 1; e.g. Richard et al. 2011) . Furthermore, preferential incorporation of Cl into amphibole produces characteristically low Br/Cl and I/Cl ratios that are distinct from other subduction zone reservoirs such as sedimentary pore waters and serpentinites and could potentially be recognised in subduction-related magmas (Kendrick et al. 2014) .
Amphibolites have been shown to trap high concentrations of atmospheric noble gas and mantle He (Figs. 10, 12; Kendrick et al. 2011 Kendrick et al. , 2013b . Lattice trapping of noble gases in metamorphic minerals is suggested to exert an important control on the relative abundances of noble gas subducted into the mantle. Helium and Ne can be incorporated into amphibole and subducted to the limit of amphibole stability at ~70 km, supporting the possibility that subduction of atmospheric Ne has contributed to the current sub-solar 20 Ne/ 22 Ne ratio of the Earth's mantle.
